Alterations in the dopamine system are hypothesized to influence the expression of social anxiety disorder (SAD) symptoms. However, molecular imaging studies comparing dopamine function between patients and control subjects have yielded conflicting results. Importantly, while all previous investigations focused on the striatum, findings from activation and blood flow studies indicate that prefrontal and limbic brain regions have a central role in the pathophysiology. The objective of this study was to investigate extrastriatal dopamine D2-receptor (D2-R) availability in SAD. We examined 12 SAD patients and 16 healthy controls using positron emission tomography and the high-affinity D2-R radioligand [ 11 C]FLB457. Parametric images of D2-R binding potential were derived using the Logan graphical method with cerebellum as reference region. Two-tailed one-way independent ANCOVAs, with age as covariate, were used to examine differences in D2-R availability between groups using both region-based and voxel-wise analyses. The region-based analysis showed a medium effect size of higher D2-R levels in the orbitofrontal cortex (OFC) in patients, although this result did not remain significant after correction for multiple comparisons. The voxel-wise comparison revealed elevated D2-R availability in patients within OFC and right dorsolateral prefrontal cortex after correction for multiple comparisons. These preliminary results suggest that an aberrant extrastriatal dopamine system may be part of the disease mechanism in SAD. E-mail address: pontus.plaven-sigray@ki.se (P. Plavén-Sigray).
Introduction
Social anxiety disorder (SAD) is characterized by fear of scrutiny in social situations, and is often associated with significant impairment of social and occupational life. Negative expectations and avoidance of social interaction are believed to both shape and perpetuate the disorder (Clark and Wells, 1995) . At the level of brain neurotransmission, animal and pharmacological studies show that the dopamine (DA) system is involved in social behavior (Skuse and Gallagher, 2009 ), fear processing (Morrow et al., 1999) as well as avoidance learning (McCullough et al., 1993) , suggesting a role in the pathophysiology of SAD. This is corroborated by molecular imaging studies in healthy human subjects showing associations between DA receptor levels and interpersonal traits that encapsulate avoidance behavior in social situations (Farde et al., 1997; Breier et al., 1998; Egerton et al., 2010; Plavén-Sigray et al., 2014; Reeves et al., 2007; .
Studies of the DA system in SAD, using single-photon emission computer tomography (SPECT) and positron emission tomography (PET), have produced conflicting results. Investigations comparing SAD patients to control subjects have reported both decreased (Tiihonen et al., 1997) , increased (van der Wee et al., 2008) and unchanged (Schneier et al., 2009 ) dopamine transporter (DAT) availability, as well as reduced (Schneier et al., 2000) or unchanged D2-R availability (Schneier et al., 2009) . It is noteworthy that all of these studies have focused on the striatum, whereas blood flow and activation studies have mainly shown extrastriatal regions to be involved in the pathophysiology. Specifically, numerous functional magnetic resonance imaging (fMRI) studies have shown altered activation in voxels within the amygdala, anterior cingulate (ACC), insula, orbitofrontal (OFC) and medial frontal (MFC) cortex in patients with SAD (Freitas-Ferrari et al., 2010; Brühl et al., 2014) . We previously investigated extrastriatal D2-R availability in SAD patients before and after cognitive behavioral therapy (CBT) using an intra-individual design. We observed a negative correlation between change in prefrontal D2-R availability and change in self-reported social anxiety symptoms (Cervenka et al., 2012) . A crucial next step to understand the DA mechanisms underlying SAD is to investigate whether SAD patients have altered extrastriatal D2-R availability in comparison to healthy controls.
In order to address this question, we examined 12 untreated SAD patients and 16 healthy control subjects with the high affinity radioligand [ 11 C]FLB457 using a high-resolution research tomograph (HRRT) system. We hypothesized that differences would be found within brain regions highlighted in activation and blood flow studies of SAD (Freitas-Ferrari et al., 2010; Brühl et al., 2014) , and subsequently selected regions of interest (ROIs) for the statistical comparison. Since the HRRT system allows for precise examination of the spatially heterogeneous distribution of D2-Rs observed in the human brain (Zald et al., 2010) , a voxel-by-voxel analysis of group differences was also performed, using the combined ROIs as search volume. Since D2-R availability shows low correlations between striatal and extrastriatal regions (Zald et al., 2010; , we investigated differences in D2-R availability in both directions.
Experimental procedures

Participants
Twelve medication-free outpatients (age range 22-58 years) with SAD were recruited from a study comparing cognitive behavioral therapy (CBT) for SAD administrated via internet versus group therapy (Hedman et al., 2011) . All patients performed their PET examinations prior to the start of the treatment study. SAD diagnoses were confirmed by a psychiatrist using the DSM-IV Structural Clinical Interview for axis I disorders (First et al., 2002) . Comorbidity, including drug abuse, was assessed using the Mini-International Neuropsychiatric Interview (MINI) (Sheehan et al., 1998) . Except for one patient fulfilling criteria for panic disorder with agoraphobia, no comorbidity was present. Three patients had previously been treated with serotonin-and noradrenalin reuptake inhibitors but none had received pharmacological treatment for SAD in the two months prior to participating in the study. In total, 16 control subjects (age range 20-64 years) were included in this study. Exclusion criteria for these subjects were current somatic illness, substance abuse, current or history of psychiatric disease, and nicotine usage as determined by a health examination and a clinical interview. All participants gave informed consent in writing according to the Helsinki declaration and the study was approved by the Regional Ethical Review Board and the Karolinska Hospital Radiation Safety Committee.
Symptom ratings
All patients and 10 control subjects filled out complete forms of the Liebowitz Social Anxiety scale -Self Report (LSAS-SR; Rytwinski et al., 2009 ). The LSAS-SR can be divided into the LSAS-SR Anxiety and LSAS-SR Avoidance subscales. Patients filled out the LSAS-SR on average two weeks prior to PET examinations. (Halldin et al., 1995) . [ 11 C]FLB457 was prepared as described previously (Sandell et al., 2000) , and injected into the antecubital vein as a rapid bolus. Prior to each emission scan, a transmission scan was performed in order to correct for attenuation. Radioactivity in the brain was then subsequently measured for 87 min. Radiochemical data for each group are provided in Table 1 . For technical reasons, specific activity and injected mass data were not collected for one patient and two healthy control subjects. All subjects underwent [ 11 C]FLB457 examinations using an ECAT HRRT (Siemens Molecular Imaging, Knoxville, TN, USA) PET system. To minimize head movement, plaster helmets were made and used during each PET examination. Additional correction for head movement was performed on all PET imaged using a post-reconstruction frame-by-frame realignment algorithm. (Cselényi et al., 2006) . Therefore, parametric PET images were generated using the 3D stationary wavelet-transform aided parametric imaging procedure (Cselényi et al., 2002) . Voxel BP ND values were derived using Logan graphical analysis with the cerebellum as reference region. Cerebella were manually delineated for each subject using the Human Brain Atlas software. In addition, a grey-matter MR mask was obtained from the MR segmentation and used on the cerebellar regions in order to produce a grey-matter-specific reference region. Previous studies have shown low levels of specific [ 11 C]FLB457 binding in the cerebellum (Olsson et al., 2004; Asselin et al., 2007; Narendran et al., 2011) . For this reason we tested for group differences in reference region uptake, by extracting cerebellum standardized uptake values (SUV) curves (radioactivity concentration normalized by injected radioactivity and subject's weight).
Radiochemistry and PET imaging protocols
MR imaging
All patients and six of the control subjects performed their magnetic resonance imaging (MRI) examination using a 1.5 Tesla GE Signa (GE Medical Systems, Milwaukee, WI, USA), yielding T1-weighted images. Ten controls performed the MRI examination using a 3 Tesla GE Signa (GE MR750, GE Medical Systems, Milwaukee, WI, USA) system. This change of equipment was due to an upgrade of the MR systems at the Karolinska Hospital MR Center.
Image analysis
Regions of interest (ROIs) were defined a priori based on a review of imaging literature on social anxiety as well as previous investigation of extrastriatal D2-R availability in SAD (Cervenka et al., 2012; Freitas-Ferrari et al., 2010; Brühl et al., 2014) . Lateral frontal cortex (LFC), medial frontal cortex (MFC), orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), insula, amygdala and hippocampus were delineated on each individual T1-image using the Freesurfer software (version 5.0.0, http://surfer.nmr.mgh.harvard.edu/). ROIs were applied to the parametric images and mean BP ND values were extracted. In order to ascertain that the difference in tesla did not influence the results, the volumes of ROIs were compared between field strengths (see Supplementary material).
An additional analysis of group differences in BP ND was performed on a voxel-by-voxel level. Although the sensitivity of this method may be limited due to the increased noise levels in each voxel, it represents a possibility to investigate effects which are not restricted to the boundaries of a ROI. T1 images were normalized to the 2 mm 3 Montreal Neurological Institute (MNI) MRI template using the FMRIB Software Library version 5.0.4 (FSL: http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) FNIRT procedure. The obtained transformation parameters were then used to warp the parametric BP ND images into the same MNI space. Images were then smoothed using a Gaussian kernel (FWHM 8 Â 8 Â 8 mm).
A binarized mask consisting of the abovementioned ROIs was constructed for each subject and normalized to the MNI-template.
The masks were merged together into a final search volume (consisting of 37931 voxels) and used in all voxel-wise analyses (Figure 1 ).
Statistical analysis
Normality of distributions of ROI BP ND was evaluated using Kolmogorov-Smirnov tests (p4.05) and visual inspection of histograms for both patient and control groups. A chi-squared test was conducted to examine differences in the ratio of males to females between Figure 1 Upper panel shows the a priori constructed mask, overlaid on a MNI template, which was used as the search volume in the SPM analyses. This mask consists of 37931 2 mm 3 voxels. Mid and lower panel show mean normalized [ 11 C]FLB457 parametric BP ND images of D2-R availability for 16 healthy control subjects (HCs) compared to 12 patients (Pats) with social anxiety disorder before the mask was applied. Images are displayed in the Neurological convention (right is right).
groups (Table 1 ). All statistical analyses of the clinical, demographic and radiochemical variables in Table 1 were performed using twotailed Welch independent sample t-test (alpha=0.05) in R v 3.3.1.
Since extrastriatal D2-R availability has shown to decrease with age (Kaasinen et al., 2000) , age was included as a covariate in both the ROI based and the voxel-wise analyses of [ 11 C]FLB457 BP ND differences between groups. In addition, we compared gender differences in ROI BP ND (see Supplementary material).
In the ROI based analyses, differences in BP ND between patient and controls were examined using two-tailed one-way independent ANCOVAs, with group as independent variable and age as covariate. In order to perform correction for family-wise-error (FWE) rate at alpha=0.05, we estimated the increase in type I error rate when performing seven comparisons of intercorrelated ROIs by using permutation tests (Nichols and Holmes, 2002) . Alpha was then subsequently adjusted to 0.0145 (see Supplementary material). Effect size of group differences was calculated using partial eta-square (Cohen, 1998) .
Using Statistical Parametric Mapping 5 (SPM5; Department of Cognitive Neurology, University College London), a one-way independent ANCOVA with group as fixed factor and age as covariate was performed to examine differences between groups at voxel-level. In order to correct for multiple comparisons the false discovery rate (FDR) correction method was employed for alpha=0.05 (Genovese et al., 2002) . Since voxel-wise FDR-correction may suffer from higher regional false discovery rate of comparisons performed on smoothed data (Chumbley and Friston, 2009) , FWE corrected clusters (alpha=0.05) using Gaussian random field theory was also checked.
LSAS-SR summed scores were correlated against voxel BP ND using SPM5 multiple regression, with age as covariate for all subjects with complete LSAS-SR. FDR correction at alpha=0.05 was used for controlling for multiple comparisons. In a secondary post-hoc analysis we also examined LSAS-SR correlations at alpha=0.001 to explore potential threshold effects.
Results
There were no significant group differences for age, gender ratio, or any of the radiochemistry variables (Table 1) . As expected, patients showed significantly higher LSAS-SR scores compared to healthy controls (Table 1) . When comparing gender differences in D2-R BP ND and ROI volumes between magnetic field strengths, no differences were observed (see Supplementary material).
3.1. ROI based analysis of differences between SAD patients and healthy control subjects Table 2 presents the mean group differences in D2-R BP ND values for each ROI. One-way independent ANCOVAs, with age as covariate, revealed that patients had a medium effect size of elevated D2-R availability in the OFC compared to healthy controls. However, this result did not survive FWE correction for multiple comparisons. No other region showed a significant difference between groups, or similar effect size.
3.2. Voxel-wise analysis of differences between SAD patients and healthy control subjects Figure 1 displays average parametric images for patients and controls. The SPM5 one-way independent ANCOVA, controlling for age, revealed statistically significant differences between controls and patients in multiple regions, after correcting for multiple comparisons (height threshold T = 2.96, df = 25, FDR corrected alpha= 0.05). Voxels showing elevated levels of [ 11 C]FLB457 BP ND were found within bilateral OFC and the right dorsolateral prefrontal cortex (DLPFC). Voxels in the left anterior insula also showed FDR corrected significant differences between groups, although this finding did not survive cluster based FWE correction ( Figure 2 and Table 3 ; for BP ND values in peak voxels see Supplementary material). An additional set of SPM analyses excluding controls that showed non-significant but numerically higher SUV AUC values in the reference region and high injected mass yielded similar results to the main findings (see Supplementary material).
Relationships between [ 11 C]FLB457 BP ND and LSAS-SR summed scores
When setting alpha to 0.001, a positive correlation was observed between [ 11 C]FLB457 BP ND and LSAS-SR-summed scores within orbitofrontal cortex, using age as a covariate (Figure 3) . Similar results were obtained when dividing the LSAS-SR into its subscales and using LSAS-SR Anxiety and Table 2 Patient -control differences in regional D2-R binding potentials. Two-tailed one way ANCOVAs, with group as factor and age as covariate (not shown), were used to examine differences between controls and patients.
Healthy controls (n =16)
Social anxiety patients (n =12) 
Discussion
This study examined, for the first time, differences in extrastriatal D2-R expression between SAD patients and healthy control subjects. In the ROI-based analysis we observed a medium effect size of elevated D2-R availability in OFC in patients, which did not survive correction for multiple comparisons. Using a voxel-based approach, which affords higher sensitivity for spatially heterogeneous effects, we found significantly higher D2-R availability in patients in the bilateral OFC and the right DLPFC. The results suggest an involvement of extrastriatal DA function in the pathophysiology of SAD. Pharmacological and molecular imaging studies in anxiety disorders have primarily focused on the serotonin system (Blanco et al., 2003; Nash et al., 2008; Lanzenberger et al., 2007; Frick et al., 2015) . With regard to SAD, a role has also been suggested for the DA system based on the involvement of DA transmission in social behavior, fear processing, and avoidance learning (Skuse and Gallagher, 2009; McCullough et al., 1993; Morrow et al., 1999) . Molecular imaging studies binding potential (BP ND ) and Liebowitz Social Anxiety ScaleSelf-Rating (LSAS-SR) summed scores, controlling for age (n =22). Results are shown on the MNI template. The figure shows voxels with positive correlations, corresponding to tvalues above 3.61 (df =18) at alpha =0.001. No voxel correlations survived correction for multiple comparisons using FDR correction at alpha =0.05. Images are displayed in the Neurological convention (right is right).
investigating the DA system in SAD have provided only partial support for this hypothesis (van der Wee et al., 2008; Tiihonen et al., 1997; Warwick et al., 2012) . Previous studies of striatal D2-R have reported no differences (Schneier et al., 2009 ), or lower levels in patients (Schneier et al., 2000) , as compared to the present results of elevated extrastriatal D2-R availability. This apparent discrepancy is however in line with observations of low , or even inverse associations (Zald et al., 2010) , between striatal and extrastriatal D2-R levels. In a previous study using a partially overlapping sample with the present investigation, we showed an inverse association between change in D2-R availability and change in LSASanxiety score in MPFC and hippocampus (Cervenka et al., 2012) , pre and post CBT intervention. Although this effect was observed in different brain regions, the present results of higher D2-R availability in patients compared to control subjects stands in contrast to the direction of change in D2-R levels in our previous study. Taken together, the findings of this study point toward regionally specific alterations of the DA system in SAD. Furthermore, the results suggest that DA mechanisms related to change in symptom levels may differ from those that are associated with the disease state.
In the present study, the selection of ROIs was based on functional neuroimaging studies showing alterations in SAD patients compared to healthy controls (Freitas-Ferrari et al., 2010; Brühl et al., 2014) . These regions are also central in social behavior, fear processing, expectations and avoidance (Skuse and Gallagher, 2009; Maren, 2001; Stalnaker et al., 2015) , which further supports the use of this anatomical framework for investigations of DA neurotransmission in SAD.
The function of OFC and DLPFC in SAD
According to the dominant cognitive model of SAD, patients have strong negative expectations with regards to what will happen before, during and after social interactions (Clark and Wells, 1995) . As a result, a major part of the distress and avoidance experienced by SAD patients results from anticipatory anxiety. The expectations (e.g. being ridiculed by others) are often not rational, but due to avoidance behavior and self-focus they are incompletely corrected by the objective reality of the social situation and therefore persist (Clark and Wells, 1995) .
In functional imaging studies, OFC activity has shown to be linked to amygdala reactivity in SAD patients anticipating fearful social stimuli (Guyer et al., 2008) . In parallel, converging evidence show that the OFC is essential for signaling expectations of future outcomes, such as predictive representations of sensory input and emotional valence (Stalnaker et al., 2015) . Consequently, the OFC is thought to play a key role in processing of anticipatory anxiety by inflating predictions of threats (Grupe and Nitschke, 2013) . These predictions are then compared to actual perceptive input in other brain regions, resulting in responses to the environment (Schoenbaum and Roesch, 2005) . The OFC relays these predictions to the DLPFC, a region shown to be involved in signaling mismatch between expectations and actual sensory input ( i.e. prediction errors (Corlett and Fletcher, 2015) ) and may thus orchestrate anxiety and avoidance responses (Grupe and Nitschke, 2013) . Importantly, expectation updating and responses to aversive stimuli are dependent on prediction error signals stemming from midbrain DA neurons (Matsumoto and Hikosaka, 2009; Bromberg-Martin et al., 2010) . It may thus be speculated that the inability of anxiety patients to match expectations and actual input when facing fearful situations (Browning et al., 2015) is related to elevated levels of D2-R availability in OFC and DLPFC. This hypothesis should be tested, e.g. by using DA PET and a behavioral task measuring prediction error of socially aversive stimuli.
D2-R density and endogenous DA occupancy
Previous studies have shown that [ 11 C]FLB457 binding in frontal cortex is reduced by amphetamine, suggesting that the radioligand is sensitive to occupancy by endogenous DA (Montgomery et al., 2007; Narendran et al., 2009; Sandiego et al., 2015) , although negative results have also been reported (Okauchi et al., 2001; Aalto et al., 2009 ). One previous study has shown reduced [
11 C]FLB457 binding in OFC, ACC and medial temporal lobe in healthy subjects performing a working memory task during the PET examination (Aalto et al., 2005) . In the present study, there was no pharmacological or behavioral challenge during PET examinations. However, it cannot be excluded that differences between SAD patients and healthy controls are affected by endogenous levels of extrastriatal DA.
Limitations
A power analysis revealed that, with an expected group difference of 1 SD in [ 11 C]FLB457 BP ND , the power to detect a significant difference would be 74% at alpha= 0.05. This is close to acceptable power according to convention. However, when controlling for multiple comparisons with our limited sample size, the power of the study is reduced. To guard against type II errors, the FDR corrected voxel-wise analysis was restricted using a binary mask of a priori selected ROIs, instead of using a whole brain mask, thereby reducing the number of voxel-comparisons.
Another limitation was that all patients and 6 controls were examined with a 1.5T MRI system, while 10 control subjects were examined with a 3T MRI system. Higher field strength yields greater contrast between grey and white matter, potentially influencing the segmentation of the T1 images, and automated ROI delineation. When comparing field strengths, no differences in ROI volumes were observed (see Supplementary material). Furthermore, we used Freesurfer software for ROIs and segmentation which shows high consistency in cortical delineation between field-strengths (Han et al., 2006) .
Conclusions
SAD patients showed elevated D2-R availability in the bilateral OFC and the right DLFC compared to healthy control subjects. The results support the hypothesis that aberrant extrastriatal dopamine signaling in cortical regions may be linked to disease mechanisms in SAD. Future research should try to 1) replicate the study to verify the robustness of the results and 2) investigate the functional relevance of the findings.
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